Introduction 44
Over the course of evolution, the genomes of all organisms are shaped by the environment.
45
The results of this process can be observed by comparing evolutionarily related sequences and at what threshold the power to detect clustering is maximised, we applied the chosen 153 clustering detection method separately to positively selected sites detected at different 154 stringency levels. In order to determine the degree to which positively-selected residues form 155 clusters on protein structures, we inspected the overall distribution of p-values obtained for 156 each protein from CLUMPS at four FDR thresholds at which positively selected sites were Page 8 Clusters of positively selected sites Having established that positively selected sites tend 161 to occur close to one another on protein structures, we went on to select cases where evidence were detected (FDR of clustering <0.05), with substantial overlap between clusters detected 165 at different thresholds (suppl. fig. 2 ). For 22 proteins, clusters were identified at all four FDR 166 thresholds suggesting that these constitute the most robust findings. For these proteins, we 167 inspected the underlying alignments from which positively selected sites were identified.
168
Correlation on the sequence level can introduce clusters on the level of structure and for this 169 reason it is important to distinguish 3D clusters resulting purely from closeness of sites of 170 interest in the sequence. In all but two cases, we find that positively selected sites are identified 171 in regions of good alignment quality and that clusters of positively selected sites arise mostly from residues that are not adjacent in the sequence and become close to each other only once the protein is folded into its native conformation. The two cases where detected signature 174 of positive selection appears to result from a stretch of contiguous residues in a region of poor protease being deformed and then acylated 35, 36 . We find that positively selected residues surround the 194 RCL and are also located on the opposite side of the protein to which the bound protease is dragged.
196
for facilitating cellular entry 34 . Positively selected residues are located primarily in regions 197 involved in antigen binding, such as the structurally similar binding clefts of HLA-DRB1 and
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The placement of positively selected sites in serpin B3 is particularly interesting as this protein 205 exhibits two clusters concentrated on the opposite poles of the protein ( fig. 2a ). Serpin B3 206 belongs to the serpin superfamily of protease inhibitors, though unlike most serpins it binds 207 cysteine rather than serine proteases. Serpins contribute to immunity by inhibiting proteases 208 secreted by bacteria. Serpin B3 inactivates leaked lysosomal cathepsins, inactivates 209 pathogen-derived cathepsins and is also thought to be involved in autoimmunity 38 .
210
Comparison with other available structures of serpins reveals a remarkable correspondence 211 of these positively selected sites to the protease binding sites before and after the 212 conformational change that characterises the mode of action of serpins ( fig. 2b ). Furthermore,
213
there is previous evidence that serpin B3 homologs have changed their substrate specificities 214 over the course of evolution consistent with the action of positive selection 39, 40 . The presence innate and adaptive branches of the immune system. Interestingly, these include not only 226 proteins or protein-derived peptides but also lipids (CD1a) and lipopolysaccharides (TLR4).
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host and pathogen. Such dynamics are predicted by the Red Queen hypothesis, which posits 231 that evolution is driven by inter-species competition 42 . 44 . In our dataset, alignments containing the three CYPs mentioned before 245 also contain two further cytochrome P450 paralogs that are important for drug metabolism -246 in total 5 out of 6 enzymes thought to be responsible for the majority of cytochrome P450 drug 247 metabolism show evidence of positive selection. 
280
In the remaining three cases, positively selected clusters are located in sub-domains that Page 14 important for maintaining the energetic balance in the cell by converting ADP into ATP 57 .
to have a role in tuning the enzyme activity 58 . The three positively selected sites that constitute 285 the positively selected cluster in AK5 flank a DD motif which is highly conserved in AK5 and 286 in other enzymes of the family. Experimentally mutating a residue homologous to V507, one 287 of the sites we have predicted, has been shown to have an effect on the enzyme's kinetic 288 parameters 59 , strongly suggesting that the positively selected sites we detect contribute to 289 enzyme specificity and kinetics.
290
In the case of oleoyl-ACP hydrolase (OLAH), an enzyme involved in controlling the distribution 291 of chain lengths of fatty acids, positively selected residues are located in the capping domain 292 that covers the substrate ( fig. 5e ). Detailed mutational data for OLAH is lacking but enzymes 293 of the same class have been shown to undergo changes of specificity in other species 60 .
294
Positively selected sites in nicastrin (suppl. fig. 11 ) are primarily located in the lid domain that 295 covers the substrate 61 , and changes at positively selected sites in these enzymes are 296 therefore also consistent with positive selection acting to fine-tune enzymatic activity. in which they live and feed has changed, so did their exposure to toxins. This is likely to have 316 required widespread, repeated adaptive changes that we observe. . 6a ). We find that positively selected residues are significantly closer to those We then investigated the overall distribution of as a function of distance to catalytic sites, 334 using annotations from Catalytic Site Atlas 64 . In proteins where we detected no evidence of 335 positive selection, purifying selection is the strongest in the neighbourhood of catalytic sites 336 and gradually relaxes with distance from them ( fig. 6b ). This trend is consistent with previous 337 studies of selective constraint where positive selection was not considered 65 . However, in 338 cases where we detected positively selected sites we observed a very different distribution of
339
, with a peak at 20Å from the catalytic residues. In cases where we detected 10 or more 340 positively selected sites, this trend is even more pronounced, with the peak of occurring at
341
14Å from catalytic residues. The enrichment of positively selected residues and elevated 342 mean in the neighbourhood of catalytic sites indicates that the action of positive selection 343 reshapes the selective constraint on the entire protein structure.
344
Properties of amino acids at positively selected sites As different regions of proteins are 345 known to have different amino-acid frequencies 66, 67 , we asked whether the positively selected 346 residues we detected exhibit a distinct amino acid distribution. For each protein class, we 347 calculated the change in amino acid frequency at positively selected sites compared to the 348 background frequencies ( fig. 6c ). While the overall distributions of amino acids are very similar 349 in the different proteins classes (suppl. fig. 12 ), we observe differences in the distribution of 350 amino acids at positively selected sites compared to the background distribution ( fig. 6c ). We correlated these enrichment scores with common amino acid physicochemical properties table 1), indicating that, while certain amino acids are preferred or avoided at positively 354 selected sites, these trends bear no straightforward relationship to amino acid properties.
355
The role of gene duplication events in adaptive evolution Gene duplications are thought 356 to be one of the main forces driving evolution, providing 'raw material' for evolutionary 357 innovations 68 . While gene duplications events in themselves are frequently assumed to have 358 no effect on fitness, their retention can be evidence of adaptation 69 . In order to quantify the 359 effect of duplication events in our dataset, we calculated the fraction of gene duplications (i.e.
360
the number of duplication nodes divided by the total number of nodes) for each phylogenetic 361 tree. We find that both in enzymes and in immune-related genes, the mean paralog fraction is 362 significantly larger than in other genes (0.342 and 0.276, respectively, compared to 0.0397 in 363 the remaining trees; fig. 6d ). This trend is significant both in the case of immune proteins and 
370
proving that rapid sitewise evolutionary rate and gene duplications can occur independently.
371

Discussion 372
In this study, we curated a dataset covering over one million structurally mapped sites in 3,347 373 mammalian proteins and assessed the placement of positively selected residues on their 3D 374 structures in an unbiased, genome-wide manner. We find that positively selected sites tend to 375 occur closer to each other in protein structures than is expected by chance and to form clusters 376 in the neighbourhood of functionally important regions. Strikingly, proteins where we found the strongest evidence for clustering of positively selected sites are primarily involved in two major
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contrast, the fact that positively selected residues can form clusters on protein structures could 432 inform the development of better methods for detecting positive selection. One of the ultimate 433 goals of evolutionary research is integrating evolution of sequence with structure in a general 434 model of protein evolution 83, 84 . Such a universal model of protein evolution has been elusive 435 so far, primarily because the most general approaches require an intractable number of 436 parameters. We would suggest that one way forward is to identify further universal 437 evolutionary trends and gradually incorporate them into mathematical models of protein 438 evolution.
439
We have demonstrated that analysing selective constraint in the context of structure can help 440 interpret findings and increase their robustness, but all approaches reliant on detailed 441 structural information are limited by the availability and coverage of crystal structures. We 442 hope that the results highlighted here and others we made available online in our web server 443 will assist experimental validation and further understanding of protein function and 444 adaptation. We aimed to establish the relationship between protein structure and the 445 occurrence of positive selection and this proof-of-principle study called for the highest-possible 446 quality data, but incorporating homology-based structural models would be a direct extension 447 to our approach. It is likely that the PDB database is currently biased towards certain protein 448 families which suggests that in future more examples of adaptation will be identified in protein 449 families where currently little or no structural information is available. Similarly, the analysis 450 performed here focused on mammals but could be extended to other clades. 
462
Methods 463
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Structural data 510 PDB structures matching human proteins in the sequence dataset were downloaded from 511 PDBe 25 . Structures covering fewer than 100 residues were excluded, and in cases where 512 more than one structure was available the one with the highest sequence similarity to the 513 protein sequence was chosen. In rare cases where more than one human protein with a 514 structure was present for an alignment, one was retained at random. Individual residues were 515 then mapped using the SIFTS database 26 . SIFTS provides a mapping between PDB 25 and 516 UniProt 94 sequences and, as the UniProt protein sequences can vary from those in Ensembl,
517
we performed an additional mapping step by constructing pairwise alignments between 518 UniProt and Ensembl sequences, resulting in a sitewise mapping between Ensembl and PDB 519 residues. The pairwise alignments were calculated using the Biopython 95 implementation of 520 the Smith-Waterman algorithm 96 , using the scoring of 1 for matching characters and 0 521 otherwise, and gap opening and extension penalties of -10 and -0.5 respectively.
522
Clustering of positively selected sites
523
The degree of clustering of the positively selected sites within each protein structure was 524 assessed using the CLUMPS algorithm 21 . In CLUMPS, the degree of clustering for a set of 525 residues of interest is quantified by the sum of pairwise distances in 3D space. In contrast to 526 the original implementation, we used equal weights for all sites when calculating the pairwise 527 distances. For each set of residues, we then performed 100,000 Monte Carlo simulations 528 permuting the placement of sites by randomly selecting positions from the PDB chain, in order 529 to determine statistical significance of observed patterns. P-values resulting from this analysis 530 were then corrected for multiple comparisons using the Benjamini-Hochberg FDR method 93 .
531
Statistical analyses were performed in the R environment 97 .
